ABSTRACT Laboratory and Þeld studies were conducted to measure the responses of adult codling moth, Cydia pomonella (L.), to several plant volatiles presented alone and in combination with acetic acid. Plant volatiles included ethyl (E,Z)-2,4-decadienoate (pear ester), (E)-␤-farnesene, (Z)-3-hexenyl acetate, Ϯ farnesol, and (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT). Male codling moth exhibited upwind behavioral responses to each compound in ßight tunnel tests with acetic acid Ͼ DMNT Ͼ Ϯ farnesol Ͼ (Z)-3-hexenyl acetate Ͼ pear ester Ͼ (E)-␤-farnesene. In apple orchards, however, only pear ester was an effective lure when used alone with clear pane traps. Choice tests in a ßight tunnel with delta traps baited with DMNT plus acetic acid caught signiÞcantly more male and females than unbaited traps and signiÞcantly more females than DMNT-baited traps. Combining pear ester or DMNT loaded in septa lures with separate vials containing acetic acid signiÞcantly increased both male and female moth catch compared with the plant volatile alone, acetic acid alone, and unbaited pane traps in Þeld trials. Similar results were not obtained with the other three plant volatiles. Septum loadings of 1 and 10 mg with either pear ester or DMNT in combination with acetic acid caught similar numbers of moths in orange delta traps. Sixty to 75% of the moths captured in traps baited with DMNT plus acetic acid were females. Moth catches in traps baited with DMNT plus acetic acid were Ϸ40% of catches in similar traps baited with pear ester plus acetic acid.
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Codling moth, Cydia pomonella (L.), is a worldwide direct pest of several horticultural crops including apple, Malus domestica Borkhausen; pear, Pyrus communis L.; and walnut, Juglans regia L. (Barnes 1991) . Establishing effective management programs for this key oliphagous pest is difÞcult because females lay eggs near or on fruit and nuts and the internal-feeding larvae are largely protected from insecticide sprays (Jackson 1982) . Research identifying the key host chemical cues that affect patterns of oviposition can contribute to the development of new semiochemicalbased management approaches (Cook et al. 2007) . Understanding the chemical ecology of female codling moth, however, is complicated by the breadth of its oviposition choices, that is, both immature and ripening fruits/nuts within several chemically diverse hosts (Philips and Barnes 1975, Witzgall et al. 2005 ). This behavioral plasticity may require the development of host-speciÞc, host plant volatile-based management tools.
Adult monitoring is a key component of integrated pest management (IPM) programs developed for codling moth (Riedl et al. 1976) . Currently, the sex pheromone of codling moth, (E,E)-8,10-dodecadien-1-ol, codlemone, is widely used to monitor male moths, especially in orchards treated with sex pheromonebased mating disruption . The frequent failure of traps baited with codlemone to predict fruit injury in sex pheromone-treated orchards likely leads to overuse of prescription insecticide sprays . In response, studies have continued to search for individual compounds or blends of host plant volatiles that could provide an alternative lure for sex pheromone-treated orchards; especially one that would be useful for monitoring female moths (Yan et al. 1999) .
Before 2000, the attractiveness of apples for adults and larvae of codling moth was found to be due in part to the release of ␣-farnesene, a common sesquiterpene released by both green and ripening apples, pear, and walnuts (Sutherland et al. 1977 , Scutareanu et al. 1997 , Buttery et al. 2000 . Both (E,E)-and (Z,E)-␣-farnesene are biologically active and stimulate calling, oviposition and adult ßight activity by codling moth in laboratory studies (Wearing and Hutchins 1973 , Sutherland et al. 1974 , Hern and Dorn 1999 , Yan et al. 2003 . Unfortunately, ␣-farnesene is chemically un-stable (Cavill and Coggiola 1971) , and its effectiveness under Þeld conditions has been low (Ansebo et al. 2004 , Light and Knight 2005 .
A second attractant identiÞed for codling moth larvae and adults, ethyl (E,Z)-2,4-decadienoate, pear ester, was discovered through Þeld trials of 92 pome fruit volatiles organized into 23 groups based on their chemical structures, that is, monoterpenes and sesquiterpenes and by carbon chain length of alcohols, aldehydes, and esters . Trials were initially conducted in walnut orchards to increase the potential for detecting attractiveness of pome fruit volatiles within a chemically-distinct background of nut volatiles characterized by monoterpenes and sesquiterpenes (Buttery et al. 2000 , Casado et al. 2008 . Pear ester was found to be chemically stable and much more attractive to larvae and adults than (E,E)-␣-farnesene Knight 2005) . The electrophysiological antennal response of codling moth to pear ester is similar in males and females and not affected by a mothÕs mating status (Avilla et al. 2003 , De Cristofaro et al. 2004 . A strong response to pear ester was found for a large proportion of antennal olfactory receptor neurons housed in sensilla auricillica of both male and female codling moths . Pear ester has been formulated into long-lived lures . Unfortunately, the effectiveness of pear ester has varied widely among crops, cultivars, and geographical regions , Ioriatti et al. 2003 , Thwaite et al. 2004 , Trimble and El-Sayed 2005 , Kutinkova et al. 2005 , Knight and Light 2005c , Mitchell et al. 2008 . A combo lure loaded with pear ester and codlemone has been widely adopted for monitoring codling moth in sex pheromone-treated orchards .
The search for additional attractants for codling moth has largely followed three steps. The Þrst step has been the identiÞcation of volatile compounds released from excised or in situ samples of foliage and fruit of host plants during ßight periods of codling moth. In the second step compounds that elicit an electroantennogram response in male and female antennae have been identiÞed Bäckman et al. 2001; Casado et al. 2006 Casado et al. , 2008 . The third step has been an assessment via laboratory and Þeld trials of which compounds are behaviorally active when tested alone or in blends (Hern and Dorn 2001 Coracini et al. 2004; Ansebo et al. 2004; Yang et al. 2004; Vallat and Dorn 2005) . Seventeen compounds from apple elicited antennal activity in female codling moth , Ansebo et al. 2004 . Eleven compounds from walnut exhibited signiÞcant antennal responses with male codling moth, and many of these compounds were the same as found in apple (Casado et al. 2006 (Casado et al. , 2008 . Compounds from green fruits eliciting an antennal response included the green leaf volatiles, (Z)-3-hexenol and (Z)-3-hexenyl acetate, and several terpenoids, including (E,E)-␣-farnesene, (E)-4,8-dimethyl-1,3,7-nonatriene, linalool, and (E)-␤-farnesene. SpeciÞc antennal olfactory receptor neurons have been characterized as responsive to these six compounds . Antennal response to ripe fruit in females was most pronounced by the activity of seven aliphatic esters, that is, propanoates, butanoates, and hexanoates . Interestingly, only three active electroantennographic compounds, (Z)-3-hexenyl acetate, (E,E)-␣-farnesene, and (E)-4,8-dimethyl-1,3,7-nonatriene, were found in both green and ripe fruits . Nonanal and (E)-␤-ocimene were also found as volatiles from both green and ripe apples, but neither compound elicited a signiÞcant female antennal response in their study. (E)-␤-ocimene, however, elicited a signiÞcant antennal recording with males (Casado et al. 2008) , and nonanal with both male and female moths in subsequent studies (Casado et al. 2006) .
Predicting the behavioral activity of plant volatiles from the magnitude of electrophysiological antennal responses is problematic (Ansebo et al. 2004 , Cha et al. 2008 . In addition, the response of codling moths to compounds which may or may not be attractive when tested in chambers with a background of clean air have been similar, accentuated, or diminished when tested within the host crop orchard. For example, hexyl hexanoate (Hern and Dorn 2001) and butyl hexanoate (Hern and Dorn 2004) were identiÞed as female attractants in laboratory olfactometer assays and were ineffective in Þeld testing (Ansebo et al. 2004 ). Conversely, both (E)-␤-farnesene and pear ester have performed poorly as attractants for male codling moth in ßight tunnel assays (Ansebo et al. 2004; Yang et al. 2004 Yang et al. , 2005 , but have been effective in Þeld tests . Laboratory and Þeld studies with other compounds have been more consistent. The green leaf volatiles, (Z)-3-hexenyl acetate and (Z)-3-hexenol and linalool did not elicit male upwind ßight in ßight tunnels (Yang et al. 2004 and were also found to be unattractive as lures in Þeld trials (Ansebo et al. 2004) . Similarly, the addition of (Z)-3-hexenyl acetate to sex pheromone did not increase male catches (Light et al. 1993) . Nonanal signiÞcantly decreased attraction of mated females in a laboratory olfactometer test (Vallat and Dorn 2005) , and was not attractive in walnut and apple Þeld trials as a component within an aldehyde-blend with decanal (Light and Knight 2005) . Conversely, a weak positive but congruent response was found with (E,E)-farnesol in laboratory and Þeld trials Yang et al. 2004) . Interestingly, (E,E)-farnesol was not detected in surveys of seasonal volatile proÞles of apples or walnuts , Casado et al. 2008 ; but has been collected in the head space of both detached apple and pear fruit (Matich et al. 1996, Landolt and Gué dot 2008) . SpeciÞc neuron receptors responsive to (E,E)-farnesol have been found only on male codling moth antennae . Laboratory or Þeld trials evaluating (E)-␤-ocimene or (E)-4,8-dimethyl-1,3,7-nonatriene alone have not been reported. However, blends including (E)-4,8-dimethyl-1,3,7-nonatriene have been attractive in both ßight tunnel (Ansebo et al. 2004) and Þeld assays . Interestingly, in situ volatile collections in apple have not always de-tected (E)-4,8-dimethyl-1,3,7-nonatriene (Vallat and Dorn 2005) .
The effectiveness of using various food lures to catch codling moth has also been studied (summarized in Dethier 1947) . Adult codling moths are attracted to liquid baits of fermenting syrups, fruit juices, and sweet baits and early studies evaluated the potential of these unreÞned baits for mass trapping (Yothers 1930 , Van Leeuwen 1943 . Vinegar (5Ð50% acetic acid), which is a by-product of the microbial fermentation of these sugary baits, exhibited some attraction for codling moth adults, but at levels much lower than their responses to fermentation broths of either molasses, honey, or apples (Yothers 1927) , and low when compared with the attraction exhibited to several other acids, esters, and alcohols (Eyer and Medlen 1940) . A number of inorganic and organic compounds added to a molasses fermentation broth also signiÞcantly increased moth catch (Van Leuween 1943) .
More recently, acetic acid was found to be relatively ineffective in laboratory ßight tunnel and Þeld tests; however, the combination of acetic acid with pear ester synergized the catch of male and female moths (Landolt et al. 2007 ). The attraction exhibited by both sexes and mated and virgin females to pear ester alone and when combined with acetic acid have been hypothesized to be in response to a food cue (Landolt and Gué dot 2008) , though pear ester is a demonstrated ovipositional stimulant and attractant (Knight and Light 2004) . The effectiveness of this combination lure for female moths has been improved with the use of clear plastic traps (Knight 2010a) . Within sex pheromone-treated orchards, total moth catches in clear delta traps baited with pear ester plus acetic acid has been comparable to catches in standard colored traps baited with codlemone plus pear ester, but included six-fold more female moths (Knight 2010b) . Monitoring female moth populations within orchards may allow growers to more effectively predict the population density and seasonal timing of codling moth activity (Knight and Light 2005a,d,e) . Similar studies evaluating the potential of monitoring codling moth with other host plant volatiles plus acetic acid have not been reported. Herein, we report the results of ßight tunnel and Þeld tests evaluating the attractiveness of several plant volatiles for codling moth when tested alone and in combination with acetic acid.
Materials and Methods
Insects. Laboratory studies were conducted with male and female codling moths reared on an artiÞcial soybean meal-wheat germ diet at the Yakima Agricultural Research Laboratory in Wapato, WA (Hansen and Andersen 2006) . Adults reared from the production facility emerge from cardboard eclosion boxes held at 24 Ð25ЊC in complete darkness through a hole in a wall into a lighted room at 1.1ЊC. Bulk collections of unsexed moths were made daily and provided to our laboratory. Moths were sexed and placed individually in vials and held at 5ЊC for Ͻ24 h. Moths were then transferred to the ßight tunnel room and kept at 25ЊC, 50% RH, and a 16:8 h L:D photoperiod for 1Ð2 d before testing. Twenty female moths were dissected on 30 dates to determine the level of mating that occurs in the laboratory rearing facility before their transfer to our laboratory. The mean (SE) proportion of mated females in these samples was 0.07 (0.01).
Chemicals and Glacial acetic acid (99.7%) was obtained from SigmaAldrich (St. Louis, MO). Solutions of each plant volatile tested in the ßight tunnel were prepared by serial dilution in HPLC-grade hexane (99.9%). Glacial acetic acid was dissolved in spectrophotometric-grade methanol (99.9%). Gray halobutyl septa (West Co., Lionville, PA) were extracted 3-times with dichloromethane (99.9% purity) and air-dried overnight before storage at Ϫ15ЊC. Septa lures were prepared by diluting chemicals in dichloromethane (99.9%) and adding 100 l into the cup area of the septum. Similar volumes of dichloromethane were added three times and lures were air-dried for 24 h and stored at Ϫ15ЊC. Acetic acid lures were made by drilling 1.0 or 3.0 mm holes in the cap of 8 ml polyethylene vials (Nalg-Nunc International, Rochester, NY) and loading each vial with two small cotton balls and 5 ml of acetic acid. Lures were removed from the freezer and aired for 24 h before testing in laboratory assays.
Flight Tunnel Experiments. The tunnel was constructed from 6 mm acrylic sheeting (1.66 m long, 0.57 m wide and 0.57 m high). A 12-volt DC blower was used to push air from the room into a plenum, through a charcoal Þlter, and then a series of screens before passing into the tunnel. Air ßow through the tunnel was maintained at 0.25 m/s. Exhaust was expelled to the outside of the building. The top and bottom of the tunnel were covered with 10 cm-long green ovate leaf silhouettes spaced 10 cm apart and laid against a white transparent paper. Room lighting was computer-controlled to create a 60-min dusk period. Full light levels were maintained at 1,330 lux from 1700 to 900 hr. Illumination was then reduced to 225 lux at 900 hr, 110 lux at 930 hr, and 25 lux from 1000 to 1700 hr (generated by three incandescent 40W red lights placed over the ßight tunnel). Male moths were ßown between 1000 and 1300 hr. Moths in open vials were placed on a 15-cm high platform situated 30 cm from the air outlet of the tunnel and 100 cm downwind from the traps or sprayer. The piezo-electric sprayer or traps were placed on a ring stand 0.3 m above the tunnel ßoor and 0.2 m from the entrance of the tunnel.
Two assays were conducted with the ßight tunnel. In the Þrst assay male moths were ßown to plant volatiles and acetic acid were atomized from the tip of a piezo-electric sprayer comprised of a 2.5 ml glass, micro-electrode sprayer nozzle that emitted at a rate of 10 l/min (El-Sayed et al. 1999) . The rate of delivery of attractant solutions was controlled using a microdialysis pump (CMA Microdialysis Inc., North Chelmsford, MA), and a custom-built function generator placed outside the tunnel (El-Sayed et al. 1999) . The tip of the sprayer was protected using a 6.8 cm o.d. ϫ 10 cm-long glass tubing covered with a 1.0 mm-mesh screen. Compounds were tested at release rates of 100 pg/min. One or two batches of Þve male moths (N ϭ 4 Ð 6) were tested consecutively to only one compound on each day. All tubing was ßushed with solvent at the beginning and end of each test. The response of male moths to hexane and methanol alone (N ϭ 40) and to acetic acid dissolved in water (N ϭ 20) was tested to evaluate potential solvent effects on moth attraction. Male behavior in each test was recorded for up to 6 min or until the moth contacted the screen placed in front of the sprayer. The following types of moth ßight behavior were recorded: wing fanning, take-off, upwind ßight, crossing the mid-line of the tunnel (50 cm), ßying to within 10 cm of the source, and contact with the screen. The times required for males to complete the behaviors take-off, crossing the mid-line, and contacting the source were recorded using a stop watch.
In the second assay the preference of male moths for orange delta traps (28.5 ϫ 20.0 cm, Suterra LLC, Bend, OR) left unbaited (control) or baited with DMNT, acetic acid, or both lures was tested. Septa were loaded with 1.0 mg of DMNT and vials with 1.0 mm holes were loaded with 5 ml of acetic acid. Delta traps had removable sticky white liners coated with a polybutane adhesive and septa were pinned to the inside top of the trap. Acetic acid vials were placed upright on the sticky liner. Two identical ßight tunnels housed in separate rooms under the same conditions were used to ßy male and female moths, respectively. Studies compared moth catch in pairs of traps left unbaited, pairs with one trap baited with either acetic acid or DMNT versus a control, and pairs with one trap baited with DMNT plus acetic acid and the other trap either left unbaited or baited with DMNT alone. Control traps were baited either with an empty vial and/or an empty septum. Fifty moths were released from a plastic container by 1100 hr and traps were removed the following day by 0800 hr. The remaining moths were removed and the ßight tunnel was cleaned with 70% ethyl alcohol. The relative position of each lure type was switched on each date (N ϭ 6).
Field Trapping Experiments. . Septa were attached to a standard paperclip and placed inside the center of a 6.3 cm t-shaped PVC tube (2.1 cm ID). Cotton balls saturated with 5.0 ml acetic acid were placed 2.0 cm from each end of a 12.5 cm PVC tube (1.5 cm i.d.). The ends of each tube were covered with a red-painted PVC cap with a 3.0 mm hole (Banner Red Gloss #2108, Krylon). Pane traps were attached to the pole by hooking the clip into a hole drilled at the end of the arm of the pole so that the pane hung vertically beneath the custom lure holder. Trapped moths in each trial were sexed with the aid of a microscope in the laboratory. Four Þeld experiments were conducted to evaluate the attractiveness of plant volatiles alone and in combination with acetic acid. The Þrst experiment was with orange delta traps (N ϭ 5) baited with plant volatiles alone and in combination with acetic acid (vials with 3.0 mm holes) and was run from 18 to 27 June 2008. A second experiment with clear pane traps (N ϭ 5) was begun on 3 July 2008. Pane traps were checked, replaced, and rotated one position forward in the array every 3Ð 4 d until 30 July. All volatiles in the June and July trials were tested with 10 mg loadings except for pear ester that was tested with a 3 mg loading to copy the loading of the commercial lure, PHEROCON CM-DA (Tré cé Inc.). The third experiment included a series of tests conducted during 7-d periods in August 2008 with orange delta traps baited with two rates of plant volatiles loaded in septa (1 and 10 mg) in combination with acetic acid in vials with 3.0 mm holes (N ϭ 10). Unbaited traps and traps baited with acetic acid alone were also included. Trials were conducted from 6 to 13 August for DMNT, 14 Ð21 August for pear ester, 15Ð22 August for Z3-6Ac, and 24 Ð31 August for farnesol and ␤-farnesene in two areas of the orchard, respectively. The fourth experiment was conducted with clear delta traps from 18 August to 1 September 2009. Traps were baited with one of four treatments: DMNT alone, acetic acid alone, pear ester plus acetic acid, and DMNT plus acetic acid (N ϭ 10). Acetic acid vials with 3.0 mm holes were loaded with 5 ml. Septa were loaded with 3 mg of each test volatile. Traps in this later study were checked and rotated one position forward in the array on each day for 7 d and again on day 10.
Statistical Analysis. A log and angular transformation were used to normalize count and proportional data before analysis, respectively (Statistix 9, Analytical Software, Tallahassee, FL). Proportional data were adjusted with BartlettÕs correction for small sample size (Snedecor and Cochran 1967 ). An analysis of variance (ANOVA) applied to ranks was used to compare the proportion of moths caught in traps and the proportion of moths completing speciÞc ßight behaviors in the ßight tunnel between kairomones (Conover and Iman 1981). Unpaired t-tests were used to test for signiÞcant effects of solvents on moth behaviors in the ßight tunnel. The effects of treatment on moth catch with nonrotated traps were analyzed with an one-way ANOVA. The effects of treatment on moth catch in rotated traps were analyzed with a factorial ANOVA with date as a replication factor. A P value of 0.05 was used to establish signiÞcance in all statistical tests. SigniÞcantly different means were identiÞed using TukeyÕs honestly signiÞcant difference test.
Results
Flight Tunnel Experiments. The behavioral response of male moths varied signiÞcantly among compounds in the ßight tunnel assays with the piezoelectric sprayer (Table 1 ). All moths tested in the ßight tunnel exhibited wing fanning on the release platform. However, differences in the male responses to compounds became more apparent with each subsequent stage of upwind ßight behavior. SigniÞcant differences occurred among plant volatiles for moth take-off from the platform with moths exhibiting a lower frequency of take-off to ␤-farnesene and Z3-6Ac. The mean proportion of moths exhibiting upwind ßight varied signiÞcantly among compounds with moths responding more readily to acetic acid and DMNT compared with pear ester and ␤-farnesene. The proportion of moths ßying upwind 50 cm across the mid-line of the tunnel varied signiÞcantly among compounds, and again the response to both acetic acid and DMNT was greater than to ␤-farnesene, pear ester, and Z3-6Ac. An intermediate response was found with farnesol. SigniÞcant differences were found among compounds for the proportion of moths ßying to within 10 cm of the sprayer. The proportion of moths exhibiting this close-range ßight behavior was signiÞcantly higher with both acetic acid and DMNT compared with all the other plant volatiles except farnesol. In addition, close-range ßight was a signiÞcantly lower occurrence with ␤-farnesene than any compound and lower to pear ester than to farnesol. SigniÞcant differences were found among compounds the proportion of males making source contact by landing on the screen. Source contact with acetic acid was signiÞcantly higher than with all the other compounds. DMNT had the second highest proportion of moths contacting the source. Source contact was higher with farnesol and Z3-6Ac than to pear ester and ␤-farnesene. No male moths contacted the screen with ␤-farnesene.
The mean latency times recorded for the initiation of speciÞc behaviors of male moths varied signiÞcantly among plant volatiles and acetic acid (Table 2) . Males required one-half to one-third as much time to initiate take-off, crossing the mid-line, and contacting the source with acetic acid than to any of the compounds. Male response times to DMNT were the second fastest, with mean times for takeoff and crossing the midline signiÞcantly faster than with pear ester, ␤-farnesene, and Z3-6Ac. The mean times recorded for take-off and crossing the mid-line were not significantly different between farnesol and DMNT. The mean time for source contact did not differ among the Column means followed by a different letter were signiÞcantly different, P Ͻ 0.05 TukeyÕs test. a Male moth behaviors were categorized as take-off from the release platform, sustained upwind ßight, ßying upwind past the mid-point of the tunnel, ßying upwind to Ͻ10 cm from the source, and making contact with the screen placed over the sprayer. four plant volatiles (␤-farnesene was not included in this analysis as no moths contacted the source).
The solvents used with acetic acid and the plant volatiles in the sprayer were observed to have had a minimal effect on the behavior of male moths. The response to hexane was low with only 5% of moths ßying upwind and no moths approached within 10 cm of the sprayer. A somewhat greater male response was found to methanol with 20% of moths ßying across the midline and 5% approaching within 10 cm of the sprayer. The attraction of male moths to acetic acid diluted in water versus methanol was not signiÞcantly different with respect to either the proportion of moths contacting the source, t 6 ϭ 1.29, P ϭ 0.24, or the time required to touch the source, t 35 ϭ 0.28, P ϭ 0.78.
The mean (SE) proportion of moths caught overnight in choice tests with pairs of traps placed in the ßight tunnel did not vary among the Þve treatments for either males (F 4, 25 ϭ 0.22, P ϭ 0.92, mean ϭ 0.67 [0.03]) or females (F 4, 25 ϭ 2.67, P ϭ 0.06, mean ϭ 0.19 [0.03]). No signiÞcant difference was found in the proportion of either male or female moths caught in unbaited traps or traps baited with either acetic acid or DMNT (Table 3 ). In contrast, a signiÞcantly greater proportion of male and female moths were caught in traps baited with the combination of DMNT plus acetic acid versus unbaited traps. In addition, a signiÞ-cantly higher proportion of female moths were caught in traps baited with DMNT plus acetic acid versus DMNT alone. No similar difference in catches of males was found in bioassays with these pairs of traps.
Field Trapping Experiments. SigniÞcant differences were found among lure treatments with both clear delta and pane traps (Table 4) . Clear delta traps baited with pear ester plus acetic acid caught greater numbers of male moths than any other treatment in the June trial. In addition, pear ester plus acetic acid caught signiÞcantly more female moths in clear delta traps than acetic acid, ␤-farnesene, Z3-6Ac, farnesol, or farnesol plus acetic acid. However, female moth catches in traps baited with pear ester or DMNT alone and traps baited with acetic acid plus pear ester, ␤-farnesene, Z3-6Ac, or DMNT were similar.
Moth catches with pane traps were much higher with all lure treatments during the second trial in July (Table 4) . Pear ester plus acetic acid caught signiÞ-cantly more male and female moths than any other a Lures included 5 ml acetic acid loaded into a plastic vial with a 1.0 mm hole and 1 mg of (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) loaded into grey septa. Unloaded septa and vials were included in the blank traps.
b Traps were placed overnight (18 h) in the ßight tunnel and 50 moths were released in each test, N ϭ 6. 
Column means followed by a different letter were signiÞcantly different, P Ͻ 0.05, TukeyÕs test. a All plant voaltiles except pear ester were loaded in grey septa with 10 mg. Pear ester lures were loaded with 3 mg. Acetic acid (5.0 ml) was loaded into plastic vials with a 3.0 mm hole.
b Delta traps, N ϭ 5, were placed in the orchard on 18 June and checked on 27 June. Pane traps, N ϭ 5,were placed in the orchard on 3 July and checked and rotated every 3Ð 4 d until 30 July.
lure. Pear ester alone and DMNT plus acetic acid caught signiÞcantly more males than unbaited or acetic acid-baited traps. The addition of acetic acid to pear ester, DMNT and Z3-6Ac signiÞcantly increased male moth catches. Similarly, pear ester alone and DMNT plus acetic acid caught signiÞcantly more female moths than either acetic acid alone or unbaited traps. In addition, Z3-6Ac plus acetic acid caught signiÞcantly more females than unbaited but not acetic acid traps. The addition of acetic acid signiÞcantly increased female moth catches with pear ester, DMNT, and Z3-6Ac.
Orange delta traps baited with acetic acid vials plus septa loaded with 1 or 10 mg of pear ester or DMNT had signiÞcantly higher moth catches than traps baited only with acetic acid alone in August (Table 5 ). In particular, pear ester plus acetic acid caught signiÞ-cantly more moths of both sexes (Ͼ10-fold) while DMNT plus acetic acid only caught signiÞcantly more females. Mean catches of males or females were Ͻ2 per trap in similar tests of delta traps baited with acetic acid plus Z3-6Ac, farnesol, or ␤-farnesene. Moth catches in traps baited with two of the combination lures were signiÞcantly higher than in unbaited traps: male moths with 10.0 mg Z3-6Ac plus acetic acid and female moths with 10.0 mg farnesol plus acetic acid. However, these moth catches were not signiÞcantly different from acetic acid alone (Table 5 ).
SigniÞcant differences in moth catches were found among lures placed in clear delta traps in an apple orchard in 2009 (Fig. 1) . Traps baited with pear ester plus acetic acid caught signiÞcantly more male and female moths than traps with all other lures. Traps baited with DMNT plus acetic acid caught signiÞ-cantly more females than traps baited with either acetic acid or DMNT alone. Male catches in traps baited with DMNT plus acetic acid were not signiÞ-cantly different from traps baited with DMNT alone, but they were greater than in traps baited with acetic acid alone (Fig. 1) .
Discussion
The behavioral response of codling moth adults to DMNT varied widely between laboratory and Þeld experiments. A high proportion of males ßew upwind toward and landed on a sprayer emitting DMNT within a ßight tunnel. However, neither sex showed any discrimination in choice tests between unbaited and DMNT-baited traps. Similarly in Þeld trials the clear delta and pane traps baited with DMNT caught low numbers of moths at levels not signiÞcantly different from moth catches in unbaited traps. However, combining DMNT with acetic acid created an attractive mixture. Both sexes showed a preference in attraction to traps baited with the mixture of DMNT plus acetic acid in the ßight tunnel. In addition, female moth catches with pane (Table 3) and delta (Table 4 ; Fig. 1 ) traps in the Þeld baited with DMNT plus acetic acid were signiÞcantly higher than either unbaited traps or traps baited with acetic acid or DMNT alone.
DMNT is a common homoterpene released by many plant species (El-Sayed 2010) . Volatile collections of DMNT have been reported from headspace sampling of detached foliage with immature fruits from apple, pear, and walnut . DMNT has also been collected in 
Column means within each test followed by a different letter were signiÞcantly different, P Ͻ 0.05, TukeyÕs test. a Host plant volatiles were loaded into gray septa and acetic acid (5 ml) was loaded into plastic vials with a 3.0 mm hole. situ from branches with immature and nearly ripe apples and walnuts (Casado et al. 2006 (Casado et al. , 2008 . DMNT was found in the headspace samples of both detached immature and ripe apples . However, in situ collections of DMNT from fruits have not been reported (Hern and Dorn 2003) . DMNT along with a number of other terpenoid compounds are released by herbivore-damaged plants, including from mite-infested apple leaves (Takabayashi et al. 1994) , and are well known to function as an allomone to attract predators or parasitoids to herbivore-damaged plants (Dicke et al. 1990 , Turlings et al. 1990 . By comparison, volatile collections of DMNT from pear psylla-infested pear foliage and from sawßy injured apples were not increased signiÞcantly compared with uninfested plant tissue (Boevé et al. 1996; Scutareanu et al. 1997) . Release of DMNT from codling mothinfested fruit has not been reported Dorn 2001, 2002; Landolt and Gué dot 2008) .
DMNT is a key component of blends attractive to two tortricid pests of grape Vitis vinifera L., Lobesia botrana Denis & Schiffmü ller, in Europe and Paralobesia viteana (Clemens), in North America (Tasin et al. 2006 (Tasin et al. , 2007 Cha et al. 2008) . These laboratory studies have identiÞed blends of ubiquitous host plant volatiles that elicit antennal responses and upwind ßights of female moths of both species at levels similar to their response to host material. The behavioral response of both species exhibited some plasticity, but the removal of DMNT signiÞcantly reduced upwind ßight. Unfortunately, the attractive blend that included DMNT that was developed in the laboratory for P. viteana was ineffective in Þeld trials using pane traps (Cha et al. 2008) .
This lack of congruency in the performance of host plant volatiles from grape between laboratory and Þeld studies is similar to our results and to those reported previously with codling moth (Ansebo et al. 2004 , Yang et al. 2004 . The attractiveness of any given plant volatile is likely context speciÞc and interacts with the hostÕs background volatile proÞle (Knudsen et al. 2008) . Testing synthetic lures composed of common plant odorants that do not adequately stand out as a signal from the hostÕs chemical background may be a poor approach to develop effective monitoring tools. Instead, effective attractants for female moths may require the identiÞ-cation of novel compounds that are either not present or uncommon in one or more of the pestÕs hosts or are only released by the host at signiÞcant levels during a restricted time period, that is, natural or precocious fruit ripening. Pear ester as a proven effective attractant for codling moth matches these criteria well .
Consideration of some of the unique attributes of pear ester for codling moth could be useful to identify other female attractants. Pear ester is only released by ripening pear fruit and is not found in apple or walnuts . However, it is not clear whether pear ester is released earlier in the season from precociously-ripened pear fruit because of bird damage or codling moth injury. Interestingly, oviposition by codling moth is stimulated by both synthetic pear ester and artiÞcially-damaged pear fruits Light 2004, Zoller and Zoller 2002) . Seasonal differences in the performance of pear ester-baited traps are apparent with greater effectiveness seen in late-maturing apples and pears Light 2005e, Knight et al. 2005b) ; and this could be because of less interference from seasonal changes in volatile proÞles from phenological fruit maturation (Vallat and Dorn 2005) .
The effectiveness of the Þve plant volatiles tested here in apple orchards was low except for pear ester. The poor response of codling moth to DMNT, ␤-farnesene, and Z3-6Ac is not surprising because each is a common constituent of apple Dorn 2003, Casado et al. 2006 ). In addition, our testing of these volatiles in an apple orchard with high levels of fruit injury by codling moth and with the considerable numbers of decaying fruit on the ground may have inßuenced the attractiveness of traps. Characterizing a priori the attractiveness of farnesol is somewhat more difÞcult. Farnesol has only elicited electroantennographic activity with males and was been moderately attractive in laboratory assays (Yang et al. 2004) . Its poor performance in our Þeld trials could be because of interactions with other acyclic sesquiterpenes prevalent in the orchard, such as ␣-and ␤-farnesenes. Further testing of other plant volatiles to develop effective lures for codling moth in apple should include walnut-speciÞc (Casado et al. 2008) and pear-speciÞc chemicals .
The behavioral responses of codling moth to acetic acid in laboratory and Þeld studies were not consistent. For example, the response of male codling moth in the ßight tunnel to acetic acid was strong, while its effectiveness as a trap lure was low. Combining a ripe fruit odorant, such as pear ester with a food cue such as acetic acid increases moth capture within traps (Landolt et al. 2007 ). The effectiveness of combining DMNT, a compound commonly released by stressed plants (Takabayashi et al. 1994) , with acetic acid for female codling moths was unexpected. Further testing of plant volatiles that have higher release rates because of natural or precocious fruit ripening or induced by herbivore damage could be promising candidates as co-attractants with acetic acid, e.g., (E)-␤-ocimene and various butanoate and hexanoate esters. At present, (E)-␤-ocimene and apple esters have only been Þeld tested with codling moth using unattractive blends (Light and Knight 2005) which could have included some compounds that are repellant or inhibitory Dorn 2001, 2004) . In addition, several other compounds isolated from the fermentation broth of sugary baits, including esters, acids, and alcohols are reported to be more effective baits than acetic acid for codling moth and should be tested in combination with host plant volatiles (Eyler and Medler 1940) .
Laboratory studies testing the attractiveness of host plant volatiles, unlike similar studies with sex pheromones, have been ineffective in predicting the efÞ-cacy of baited traps placed within a hostÕs canopy (Yang et al. 2004 , Cha et al. 2007 , Knudsen et al. 2008 ).
The lack in standardization of laboratory protocols is likely one factor limiting the success of these studies. For example, signiÞcant improvements in the performance of the host plant volatiles using the piezoelectric sprayer was achieved in our studies compared with previous reports by extending the observation period from 2 to 6 min (Ansebo et al. 2004 , Yang et al. 2004 . A similar effect may partially explain the signiÞcantly different response observed for codling moth to pear ester in laboratory ßight tunnel studies by Sauphanor et al. (2007) and Witzgall et al. (2008) . In addition, the validity of evaluating the response of laboratory-reared insects to plant volatiles has been questioned, and should be considered in subsequent studies . Finally, studies using signiÞcantly different laboratory equipment and assays to measure adult attraction to host plant volatiles may generate inconsistent results. This includes deÞning attraction as forward moth movement within 2.5Ð3.0 cm diameter straight and y-tube olfactometers, and upwind ßight in a ßight tunnel measuring either contact with a horizontal screen placed over the tip of a sprayer or moth capture within lure-baited traps. The disparate results obtained between ßight tunnel and Þeld tests here and reported in other studies suggest that these olfactometer and ßight tunnel assays are not effective in developing Þeld lures. Instead, surveying the activity of plant volatiles directly within host crops may be a more productive approach to determine attractiveness in the natural orchard context of exposure to host background volatiles .
Trap design is an important factor affecting moth response to traps baited with plant volatiles (Ansebo et al. 2004) . Female codling moths likely use both close-range olfactory and visual cues when approaching a trap (Castrovillo and Cardé 1980) . Physical characteristics of traps, including color and the size and shape of a trapsÕ opening have been shown to inßu-ence moth catches of codling moth (Knight et al. 2002 , Knight and Milczky 2003 , Knight and Fisher 2006 . Female codling moths do not land close to pear ester lures and this behavior likely reduces moth catches in traps with smaller openings (Knight and Light 2005c) . Sticky, oil-coated vertical panes intercepted many more moths than were caught inside delta traps in our studies. Though panes baited with pear ester have been very effective in trapping codling moth (Knight 2010c) ; clear delta traps have caught similar numbers of female moths and are much easier to service and maintain (Knight 2010a) . New trap designs that can further increase female moth catches should be developed.
